Studies on the axonal transport of neurofilament proteins in cultured neurons have shown they move at fast rates, but their overall rate of movement is slow because they spend most of their time not moving. Using correlative light and electron microscopy, we have shown that these proteins move in the form of assembled neurofilament polymers. However, the polypeptide composition of these moving polymers is not known. To address this, we visualized neurofilaments in cultured neonatal mouse sympathetic neurons using GFP-tagged neurofilament protein M and performed time-lapse fluorescence microscopy of naturally occurring gaps in the axonal neurofilament array. When neurofilaments entered the gaps, we stopped them in their tracks using a rapid perfusion and permeabilization technique and then processed them for immunofluorescence microscopy. To compare moving neurofilaments to the total neurofilament population, most of which are stationary at any point in time, we also performed immunofluorescence microscopy on neurofilaments in detergent-splayed axonal cytoskeletons. All neurofilaments, both moving and stationary, contained NFL, NFM, peripherin and a-internexin along >85% of their length. NFH was absent due to low expression levels in these neonatal neurons. These data indicate that peripherin and a-internexin are integral and abundant components of neurofilament polymers in these neurons and that both moving and stationary neurofilaments in these neurons are complex heteropolymers of at least four different neuronal intermediate filament proteins. Cell Motil. Cytoskeleton 64:299-309, 2007. ' 2007 
INTRODUCTION
Neurofilaments, which are the intermediate filaments of neurons, are remarkable for the diversity of their polypeptide composition. Five different neurofilament proteins are commonly recognized: the low, medium and high molecular weight neurofilament triplet proteins (NFL, NFM and NFH), a-internexin and peripherin, and these proteins can co-assemble with each other in many different combinations [Fliegner and Liem, 1991; Lee and Cleveland, 1996; Leung et al., 1998 ]. The neurofilament triplet proteins and internexin are mem-bers of the Type IV intermediate filament sub-family, which also includes nestin, whereas peripherin is a member of the Type III sub family, which also includes vimentin, desmin and glial fibrillary acidic protein (GFAP).
Most neurons express several different neurofilament proteins, but the identity of these proteins changes in a sequential and overlapping manner during differentiation and development and may also vary with respect to neuronal cell type [Nixon and Shea, 1992] . Neuronal precursor cells express vimentin and nestin but the expression of these proteins declines when these cells exit the cell cycle and differentiate into neurons. In adults, nestin expression is confined to neuronal stem cells [Lendahl et al., 1990] and vimentin expression is retained in only a few unusual neurons [Drager, 1983; Schwob et al., 1986] , though it can be upregulated in response to injury [Perlson et al., 2005] . Alpha-internexin, peripherin, NFL and NFM are not expressed until the onset of neuronal differentiation, with a-internexin often preceding the other three proteins [Kaplan et al., 1990; Troy et al., 1990; Fliegner et al., 1994] . Alphainternexin, NFL and NFM are widely expressed throughout the developing central and peripheral nervous system Kaplan et al., 1990; Fliegner et al., 1994] whereas peripherin is expressed almost exclusively in peripheral neurons and certain central neurons with peripheral projections [Greene, 1989; Escurat et al., 1990 ]. NFH appears late in embryogenesis throughout the developing central and peripheral nervous system and its expression continues to increase postnatally [Shaw and Weber, 1982; Carden et al., 1987] . Alphainternexin expression continues into adulthood throughout the CNS [Yuan et al., 2006] , but declines in the PNS after birth. In adults NFL, NFM and NFH are expressed throughout the central and peripheral nervous systems, whereas a-internexin and peripherin are confined to central and peripheral neurons, respectively. Within the CNS and PNS, the relative expression levels of these proteins varies. In general, the triplet proteins are most abundant in neurons with large axons and are downregulated in response to nerve injury whereas internexin and peripherin are more abundant in those with smaller axons and are up-regulated in response to injury [Oblinger et al., 1989; Troy et al., 1990; McGraw et al., 2002; Uveges et al., 2002] , but the functional significance of this is not well understood.
Much of what we know about the assembly properties of the various neuronal intermediate filament proteins comes from studies using SW13 vim-human adrenal carcinoma cells. These cells are useful for such studies because they lack cytoplasmic intermediate filaments [Sarria et al., 1990; Yamamichi-Nishina et al., 2003] . Transfection of these cells with intermediate filament proteins in various combinations has permitted analysis of the polypeptide requirements for filament formation. Such studies have established that the neurofilament triplet proteins from mice and rats cannot form homopolymers in vivo. NFL can form neurofilaments with NFM and/or NFH, but NFM and NFH cannot form filaments in the absence of NFL [Ching and Liem, 1993; Lee et al., 1993] . In contrast, internexin and peripherin can form homopolymers [Ching and Liem, 1993; Cui et al., 1995] and they can also copolymerize with each of the neurofilament triplet proteins [Parysek et al., 1991; Ching and Liem, 1993; Yuan et al., 2006] .
Studies on GFP-tagged neurofilament proteins M and H expressed in cultured superior cervical ganglion (SCG) neurons have demonstrated that these proteins are transported rapidly in the form of filamentous structures that spend most of their time pausing [Roy et al., 2000; Wang et al., 2000; Wang and Brown, 2001; Brown et al., 2005] . Using quantitative immunofluorescence microscopy and correlative light and electron microscopy, we have shown that the moving structures are single 10-nmdiameter neurofilament polymers [Yan and Brown, 2005] . However, the composition of these polymers is not known. In the present study, we have characterized the polypeptide composition of moving neurofilaments in cultured SCG neurons by immunofluorescence microscopy using specific antibodies and compared them with the total axonal neurofilament population, most of which are stationary at any point in time. To analyze moving neurofilaments, we took advantage of a rapid perfusion and permeabilization technique that we developed previously to capture neurofilaments while they are moving through naturally occurring gaps in the neurofilament array. We found that peripherin and a-internexin are integral and abundant components of neurofilament polymers in these neurons and that they colocalize with NFL and NFM along almost the entire length of each neurofilament. Thus both moving and stationary neurofilaments in these neurons are complex heteropolymers of at least four different neuronal intermediate filament proteins.
MATERIALS AND METHODS

Cell Cultures
Neurons dissociated from SCG of neonatal (P0-P1) mice were cultured at low density (0.03 dissociated ganglia per mm 2 ) on glass coverslips coated with poly-D-lysine and Matrigel TM (BD Biosciences) . The cultures were maintained in Leibovitz's L-15 medium (GIBCO Life Technologies, Phenol Red-free) supplemented with glucose, L-glutamine, nerve growth factor (BD Biosciences), adult rat serum (Harlan Bioproducts), and hydroxy-propylmethylcellulose (Methocel TM , Dow Corning) at 378C as described by Brown [2003] . Human adrenal carcinoma SW13 cl.2 vim-cells [Sarria et al., 1990] were obtained from Dr. Robert Evans of the University of Colorado and cultured on glass coverslips at 10 5 cells per cm 2 . The cultures were maintained in DMEM/F12 medium (Invitrogen) supplemented with 5% fetal bovine serum (FBS) and 10 lg/ml gentamicin at 378C in a humidified atmosphere of 5% CO 2 .
Plasmid Constructs
Mouse neurofilament protein L and M cDNAs were obtained by reverse transcriptase polymerase chain reaction (RT-PCR) using RNA from wild type P24 mouse cerebellum (Genbank Accession Numbers DQ201635 and DQ201636, respectively). For NFM, the forward primer sequence was 5 0 -AGTAGGATCCG-CCTCCAAGATGAGCTACAC and the reverse primer sequence was 5 0 -GCACGGATCCTGGGAGAACCCAT-TCTGTTT. These primers introduced BamH I sites at both ends of the amplified DNA. To generate pEGFP-NFM, the PCR product was cut with Bam HI and cloned into the corresponding site of pEGFP-C1 (BD Biosciences). The resulting expression vector encoded the codonoptimized F64L/S65T variant of green fluorescent protein attached to the amino terminus of mouse neurofilament protein M by a 25 amino acid linker. To generate pNFM, the EGFP coding sequence was removed using Age I and BspE I, which generate complementary sticky ends, and then the plasmid was re-ligated. For NFL, the forward primer sequence was 5 0 -CCTGCTCGAGTT-CTCTCTAGGTCCCCCATCTCC-3 0 and the reverse primer was 5 0 -CGTTGAATTCGGAATAGTTGGGAATAGGGC-3 0 . These primers introduced Xho I and EcoR I sites at the 5 0 and 3 0 ends of the amplified DNA. To generate pNFL, the PCR product was cut with Xho I and EcoR I and cloned into the corresponding sites of pEGFP-C1 and then the EGFP coding sequence was removed using Age I and BspE I as described above. All three constructs were confirmed by sequencing. The pRSV-a expression vector encoding rat a-internexin [Ching and Liem, 1993] and pCI-NFH expression vector encoding rat NFH [Leung et al., 1999] were provided by Dr. Ronald Liem of Columbia University. The pBluescript-peripherin vector containing the human peripherin gene under the control of a human beta actin promoter [Parysek et al., 1991] was provided by Dr. Linda Parysek of the University of Cincinnati. All plasmids were amplified in Escherichia coli (DH5a) and purified using Qiagen Maxi Prep plasmid purification kits (Qiagen).
Transfection
Cultured neurons were transfected with pEGFP-NFM by nuclear injection two days after plating using an Eppendorf InjectMan TM NI2 micromanipulator and FemtoJet TM microinjector (Brinkman Instruments) as described by Brown [2003] . 1.25 mg/ml (M w 10,000) tetramethylrhodamine dextran (Sigma) was included in the injection solution to allow visual confirmation of the injection procedure. SW13 cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After exposure to the Lipofectamine/DNA mixure for 4 h, the cells were rinsed with fresh medium and then maintained for 24 h before fixation.
Live Cell Imaging
Coverslips with transfected neurons on them were mounted in an RC-21B closed bath imaging and perfusion chamber (Warner Instruments) as described previously [Yan and Brown, 2005] and observed by epifluorescence and phase contrast microscopy with a Nikon TE300 inverted microscope 3 days after transfection, which corresponded to 5 days after plating. Image acquisition was performed with a Nikon 1003/1.4NA Plan Apo DM oil immersion objective and an FITC/EGFP filter set (Chroma Technology, HQ 41001). Images were acquired with a MicroMax 512BFT cooled CCD camera (Roper Scientific). The temperature on the microscope stage was maintained at approximately 358C using a Nicholson ASI-400 Air Stream Incubator (Nevtek). For time-lapse imaging, the epifluorescent illumination was attenuated by 70-90% using neutral density filters, and images were acquired at 4 s intervals with 1 s exposures using Metamorph TM software (Universal Imaging) as described by Brown [2003] .
Capture and Fixation of Moving Filaments
To capture moving neurofilaments, gaps in the neurofilament array were observed by time-lapse imaging. When a neurofilament moved into the gap, we immediately flowed permeabilization solution into the imaging chamber under gravity at a rate of 3.8 ml/min for about one minute while simultaneously acquiring time-lapse images of the fluorescence as described previously [Yan and Brown, 2005] . The permeabilization solution consisted of 0.02% saponin (Sigma) in a solution composed of NPHEM (0.19 M NaCl, 60 mM sodium PIPES, 25 mM sodium HEPES, 10 mM sodium EGTA, 2 mM MgCl 2 , pH 6.9) and a cocktail of protease inhibitors (10 lg/ml Bestatin, 10 lg/ml Leupeptin and 10 lg/ml E64). Five to ten minutes later, the cells were fixed by perfusing 3 ml 4% (w/v) formaldehyde (>10 chamber volumes) into the chamber at a rate of approximately 2 ml/min. Subsequently, the location of the axon of interest was marked on the coverslip using a Leitz diamond scoring object marker. After fixation for 10-20 min, the chamber was removed from the microscope stage, sub-merged in PBS and disassembled. The coverslips were then immersed in fresh fixative for another 20-30 min. After fixation, coverslips were rinsed with PBS and the cells were demembranated with PBSNT (1% Triton X-100 þ 0.3 M NaCl in PBS) for 15 min [Brown, 1997] . For experiments using the peripherin antibody, we used 2% formaldehyde instead of 4% and we did not immerse the cells in fresh fixative after disassembling the chamber because the epitope of this antibody appeared to be sensitive to over-fixation.
Fixation of SW13 Cells and Splayed Axonal Cytoskeletons
SW13 cells were rinsed twice in PBS and then fixed with 4% (w/v) formaldehyde in PBS for 15-20 min. After the fixation, the cells were rinsed with PBS and then treated with 2 ml 0.25% Triton X-100 in PBS at room temperature for 15 min to ensure complete demembranation of the cells prior to immunostaining. To generate splayed axonal cytoskeletons, neurons on coverslips were treated with 0.5% Triton X-100 (Sigma) at room temperature and then fixed with 4% formaldehyde in PBS as described previously [Brown, 1997; Yan and Brown, 2005] .
Immunofluorescence Microscopy
After fixation, the cells were rinsed with PBS and then ''blocked'' with 4% normal goat serum (Jackson Immunoresearch) in PBS (''blocking solution''). All antibody incubations were performed for 45 min at 378C. NFL was visualized using rabbit polyclonal antiserum NFLAS (gift of Dr. Virginia Lee of the University of Pennsylvania) [Trojanowski et al., 1989] . NFM was visualized using mouse monoclonal antibody RMO270 (Zymed) . NFH was visualized using rabbit polyclonal antibody AB1989 (Chemicon). Peripherin was visualized using mouse monoclonal antibody 7C5 (gift of Dr. Gerry Shaw of the University of Florida). a-internexin was visualized using rabbit polyclonal antibody aBB (gift of Dr. Ronald Liem of Columbia University) [Ching et al., 1999] . All the primary mouse monoclonal antibodies were visualized using goat antimouse secondary antibody conjugated to Alexa 647 (Molecular Probes), diluted 1:200 in blocking solution, and all the primary rabbit polyclonal antibodies were visualized using goat anti-rabbit secondary antibody conjugated to Rhodamine Red-X TM (Jackson Immunoresearch), diluted 1:200 in blocking solution. Coverslips were mounted on glass slides using Prolong Gold antifade reagent (Molecular Probes). The stained cells were observed by epifluorescence microscopy using a Nikon TE 300 inverted microscope and images were acquired with a Quantix KAF1400 cooled CCD camera (Roper Scientific).
Analysis of Fluorescence Along Captured and Splayed Neurofilaments
To quantify the distribution of different polypeptides along captured and splayed filaments, SCG neurons were processed for double-labeling immunofluorescence microscopy using two different antibodies, one to either NFL, NFM, peripherin or a-internexin, which we refer to as the test antibody, and the other to either NFL or NFM, which we refer to as the reference antibody. If the test antibody was from mouse, then we used NFL antibody as the reference because it is from rabbit. If the test antibody was from rabbit, we used the NFM antibody as the reference because it is from mouse. Our choice of NFL and NFM antibodies as the reference antibodies was based initially on our previous finding that neurofilaments in cultured DRG neurons contain both NFL and NFM along their entire length [Brown, 1998 ]. The images were analyzed using MetaMorph TM software (Universal Imaging). To measure the relative proportion of the neurofilament length that stained with the test antibody, a line was drawn along the medial axis of each filament in the reference antibody image, and then one or more lines were drawn along the corresponding portion or portions of the filament that stained with the test antibody [Brown, 1998 ]. For each filament, the total length that was stained with the test antibody was divided by the total length that was stained with the reference antibody.
SDS-PAGE and Western Blotting
Crude preparations of cytoskeletal proteins were obtained from spinal cord and sciatic nerve of adult mice essentially as described by Uchida [Uchida et al., 1999] . Total protein was extracted from cultured SCG neurons by dissolving the cells in SDS sample buffer. Proteins were separated by SDS-PAGE on 7.5% polyacrylamide gels and transferred onto Immobilon-P PVDF membrane (0.2 or 0.45 lm pore size, Millipore) using a mini transblot electrophoretic transfer cell (Bio-Rad Laboratories). To test the dependence of antibody binding on phosphorylation state, neurofilament proteins were dephosphorylated enzymatically by treating the PVDF blots with 3 units/ml alkaline phosphatase (purified from Escherichia coli, Sigma) in dephosphorylation buffer (50 mM Tris-HCl, 138 mM NaCl, 2.7 mM KCl, 1 mM ZnSO 4 , 1 mM MgCl 2 , pH 8.0) for at least 18 h at room temperature on a shaker [Sternberger and Sternberger, 1983; Carden et al., 1985; Brown, 1998 ]. The reaction was terminated by rinsing the blots with 400 mM sodium phosphate, 100 mM NaCl, 50 mM sodium EDTA, pH 7.2. For antibody staining, strips of PVDF membrane were rinsed with Tris buffered saline (TBS; 50 mM Tris-HCl, 138 mM NaCl, 2.7 mM KCl, pH 7.4) and blocked with a 5% (w/v) solution of Carnation brand non-fat dry milk in TBS (''blocking solution''). Primary and secondary antibody incubations were carried out on a shaker at room temperature for one hour. Unbound antibodies were rinsed off with TBS containing 0.1% Tween-20 (Sigma) and then with TBS alone. The secondary antibody was goat anti-mouse IgG or goat anti-rabbit IgG conjugated to horseradish peroxidase or alkaline phosphatase, diluted 1:50,000 in TBS containing 1% normal serum. Antibodies conjugated to horseradish peroxidase were visualized by chemiluminescence using ECL Plus TM Western blotting detection reagent (Amersham Biosciences) whereas antibodies bound to alkaline phosphatase were visualized using BCIP/NBT phosphatase substrate (KPL, Inc.).
RESULTS
To confirm the specificity of the antibodies that we used for this study, we performed Western blotting using cytoskeletal protein fractions prepared from mouse spinal cord and sciatic nerve (Fig. 1) . All antibodies bound to a single band of the expected mobility on both untreated and enzymatically dephosphorylated blots. Dephosphorylation had no apparent effect on the staining intensity for the antibodies to NFL and NFM, indicating that these antibodies bind independently of phosphorylation state, but it did result in slightly stronger staining for the NFH and peripherin antibodies and slightly weaker staining for the internexin antibody, indicating that the epitopes of these antibodies display a weak dependence on phosphorylation. Enzymatic dephosphorylation completely abolished staining by RMO55, which is a mouse monoclonal antibody that is specific for phosphorylated NFM Brown, 1998 ], confirming that the dephosphorylation was effective.
To determine which neurofilament proteins are expressed by cultured neonatal mouse SCG neurons, we performed Western blotting on total protein extracts from 5-day old cultures (Fig. 2) . The neurons expressed robust levels of NFL, NFM, peripherin and a-internexin but no detectable NFH, even though NFH was detected with the same antibody in cytoskeletal protein fractions prepared from mouse spinal cord. Thus we focused exclusively on NFL, NFM, peripherin and a-internexin in the remainder of this study. To confirm the specificity of the antibodies to these proteins by immunostaining, we cultured SW13 vim-cells, which lack cytoplasmic intermediate filaments, and transfected them with various combinations of five different neurofilament proteins (NFL, NFM, NFH, peripherin and internexin), systematically omitting a different one of the five in each experiment. After 24 h, the cells were fixed and processed for double-label immunofluorescence microscopy (Fig. 3) .
The transfection efficiency for NFL, NFM, NFH, peripherin and a-internexin was 44%, 33%, 4%, 2% and 29% respectively. This variation was probably due to differences between the clones and expression vectors that we used for the different proteins (see Methods). To be sure that the low transfection efficiency for the NFH and peripherin constructs did not influence our results adversely, we scanned the entire coverslip (>10,000 cells) at low magnification. For each antibody, we observed many fluorescent cells when the cognate protein was expressed, but none when it was absent. Thus the antibodies are specific as judged by both Western blotting and immunofluorescence microscopy.
In addition to the specificity of the antibodies, we also evaluated their staining quality. Staining quality is determined by the accessibility of the antibody's epitope, (K, L) aBB polyclonal antibody specific for a-internexin (a-int). The blot strips marked dP were treated with alkaline phosphatase to dephosphorylate the neurofilament proteins prior to immunostaining (B, D, F, H, J, L). The blot strips marked P were untreated (A, C, E, G, I, K). Enzymatic dephosphorylation abolished the RMO55 staining, confirming that dephosphorylation had occurred. NFLAS and RMO270 antibodies bind equally well to their cognate proteins in both the native and dephosphorylated form. AB1989, 7C5 and aBB antibodies bind to both the native and dephosphorylated forms of their cognate proteins, though not with identical affinity. which can be influenced by fixation. SW13 vim-cells were transfected with neurofilament proteins either alone or in combination and then processed for immunostaining (Fig. 4) . Because mouse NFL and NFM cannot form homopolymers in vivo, we co-transfected cells with these two proteins to generate NFL/NFM heteropolymers. Internexin and peripherin, on the other hand, were transfected alone because they are capable of forming homopolymers. The NFL and NFM antibodies stained NFL/NFM heteropolymers uniformly and continuously along their entire length and peripherin and a-internexin antibodies stained peripherin and a-internexin homopolymers uniformly and continuously also. Thus the epitopes of these antibodies are uniformly accessible along the length of these filaments.
To characterize the polypeptide composition of moving neurofilaments, we took advantage of naturally occurring gaps in the axonal neurofilament array of cultured SCG neurons. Neurons expressing GFP-tagged neurofilament protein M (GFP-NFM) were mounted in an imaging and perfusion chamber and gaps in the GFP fluorescence were observed by time-lapse fluorescence microscopy. When a filament entered the gap, it was stopped in its tracks by rapid perfusion of a permeabilization solution containing 0.02% saponin. The captured filament was then fixed and processed for immunofluorescence microscopy. To compare moving neurofilaments with the total axonal neurofilament population, neurons that were cultured under identical conditions were treated with detergent to induce the neurofilaments to splay apart from each other and then processed for immunostaining under identical conditions. Fig. 2 . Western blotting of total protein from cultured SCG neurons using antibodies specific for NFH, NFM, NFL, peripherin and a-internexin (left lane; labeled SCG). Note the absence of NFH. The reactivity of the NFH antibody was confirmed by its staining of NFH in cytoskeletal preparations from mouse spinal cord (right lane; labeled SC), using NFM as a loading control. Fig. 3 . Characterization of antibody specificity by immunostaining. SW13 vim-cells, which have no endogenous cytoplasmic intermediate filaments, were co-transfected with constructs encoding NFL, NFM, NFH, peripherin and a-internexin and then processed for immunofluorescence microscopy using the NFL antibody NFLAS (A, B), the NFM antibody RMO270 (C, D), the peripherin antibody 7C5 (E, F) and the a-internexin antibody aBB (G, H). The cells in the top row (A, C, E, G) were co-transfected with all five constructs the same. The cells in the bottom row (B, D, F, H) were co-transfected with the same constructs except that NFL was omitted in (B), NFM in (D), peripherin in (F) and a-internexin in (H). For each antibody, the images were scaled identically to permit comparison of the staining intensity. Each antibody only stained those cells that expressed that antibody's cognate protein. Scale bar ¼ 15 lm. To measure NFM incorporation along neurofilaments, we stained captured and splayed axonal neurofilaments with antibodies specific for NFL and NFM. Both antibodies stained uniformly along the entire length of each captured and splayed filament (Figs. 5A-5D and 5A 0 -5D 0 ). To quantify this, we measured the proportion of the neurofilament length (defined by staining for NFL) that also stained for NFM. In total, we analyzed 10 captured filaments, six of which were moving anterogradely and four of which were moving retrogradely. Two of these captured filaments stopped before they had moved completely into the gap so it was not possible to measure their length. For these two filaments, we only analyzed the portion that lay within the gap. The average length for the other eight filaments was 12.0 lm (minimum ¼ 3.7 lm, maximum ¼ 21.1 lm; n ¼ 8). On average, the captured filaments had NFM incorporated along 99.8% of their length (minimum ¼ 96.4%, maximum ¼ 100%, n ¼ 10; Fig. 5E ). In comparison, neurofilaments in splayed axonal cytoskeletons from untransfected cells had NFM incorporated along 99.2% of their length (minimum ¼ 90.0%, maximum ¼ 100.0%, n ¼ 150; Fig. 5F ). To examine the influence of the exogenous GFP-tagged NFM on these measurements, we also analyzed NFM distribution along neurofilaments in splayed axonal cytoskeletons from transfected cells after the same number of days in culture. The average proportion of the splayed filaments that stained for NFM was 99.7% (minimum ¼ 94.4%, maximum ¼ 100.0%, n ¼ 150; data not shown), which is only 0.5% more than for untransfected (J 0 ), or the NFM antibody RMO270 (P) and the a-internexin antibody aBB (P 0 ). The histograms show the quantification of the proportion of the neurofilament length that contained NFM (E, F), peripherin (K, L) and a-internexin (Q, R) along captured neurofilaments (E, K, Q) and splayed neurofilaments (F, L, R). Each histogram represents combined data from at least three independent experiments. All neurofilaments contained all four polypeptides along at least 85% of their length. Scale bar ¼ 3 lm.
neurons. This indicates that exogenous GFP-NFM had negligible effect on the proportion of the neurofilament length that contained NFM. Thus both captured and splayed neurofilaments appear to contain NFM along almost the entire length.
To measure peripherin incorporation along neurofilaments, we stained captured and splayed axonal neurofilaments with antibodies specific for NFL and peripherin. The peripherin staining was continuous along almost the entire length of each filament, though less uniform than for NFL (Figs. 5G-5J and 5G 0 -5J 0 ). In total we analyzed fifteen captured filaments, eight of which were moving anterogradely and seven of which were moving retrogradely. Portions of three of these filaments lay outside the gap or were folded, precluding us from measuring their length. For the other twelve filaments, the average length was 8.2 lm (minimum ¼ 4.1 lm, maximum ¼ 21.2 lm, n ¼ 12). On average, the captured neurofilaments had peripherin incorporated along 96.8% of their length (minimum ¼ 92.6%, maximum ¼ 100%, n ¼ 15; Fig. 5K ). In comparison, neurofilaments in splayed axonal cytoskeletons from untransfected neurons had peripherin incorporated along 97.8% of their length (minimum ¼ 86.3%, maximum ¼ 100%, n ¼ 150; Fig.  5L ). Thus both captured and splayed neurofilaments contain peripherin along almost their entire length.
To measure a-internexin incorporation along moving neurofilaments, we stained captured and splayed neurofilaments with antibodies specific for NFM and ainternexin. We used NFM antibody as the reference antibody for these experiments because the NFL antibody was from the same species as the internexin antibody. Both antibodies stained all filaments uniformly and continuously along their entire length 0 -5P 0 ). In total we analyzed 14 captured filaments, eight of which were moving anterogradely and six of which were moving retrogradely. Portions of five of these filaments lay outside the gap or were folded, precluding us from measuring their length. The average length of the other nine filaments was 9.8 lm (minimum ¼ 3.7 lm, maximum ¼ 14.9 lm, n ¼ 9). On average, the captured neurofilaments had a-internexin incorporated along 99.7% of their length (minimum ¼ 97.9%, maximum ¼ 100%, n ¼ 14; Fig. 5Q ) and this value was the same for neurofilaments in splayed axonal cytoskeletons (minimum ¼ 94.6%, maximum ¼ 100%, n ¼ 150; Fig.  5R ). Since peripherin and NFM were both present along almost the entire length of neurofilaments visualized with NFL antibody, and since a-internexin was present along almost the entire length of the neurofilaments visualized with NFM antibody, it is clear that NFL was also contained throughout these neurofilaments. Thus all four proteins were distributed along essentially the entire length of both captured and splayed neurofilaments.
DISCUSSION
We have characterized the polypeptide composition of neurofilaments in cultured neurons from the superior cervical ganglia of neonatal mice using immunofluorescence microscopy. We found that these neurons express NFL, NFM, peripherin and a-internexin but no detectable NFH. The absence of NFH in these cultures is consistent with previous observations that NFH expression remains at low levels in most neurons until after birth [Shaw and Weber, 1982; Carden et al., 1987] and that this delayed expression in vivo is recapitulated in cell culture [Lee, 1985; Shaw et al., 1985; Foster et al., 1987; Breen and Anderton, 1991; Benson et al., 1996] .
To quantify the incorporation of NFL, NFM, peripherin and a-internexin along individual neurofilaments, we measured the relative proportion of the neurofilament length that stained with antibodies specific for these proteins. We analyzed moving neurofilaments, which were captured using a rapid perfusion and permeabilization technique, and also the total axonal neurofilament population, visualized in splayed axonal cytoskeletons. By performing pairwise comparisons using different antibodies, we found that peripherin and a-internexin were co-localized with NFL and NFM along >85% of the length of both captured and splayed neurofilaments. This indicates that peripherin and a-internexin are integral and abundant components of neurofilaments in these neurons. While in principle, the expression of GFP-NFM in these neurons might be expected to skew our measurements of NFM distribution along neurofilaments, our measurements actually indicate that any such effect was minimal, at least at the low expression levels that we use in our studies. Since at any point in time most of the neurofilaments in the axon are not moving [Wang et al., 2000; Brown et al., 2005] , we can consider the splayed axonal neurofilaments, which represent the total axonal neurofilament population, to be predominantly stationary. Thus our data indicate that both moving and stationary neurofilaments in these axons are complex heteropolymers of four different neurofilament proteins and that moving and stationary neurofilaments do not differ qualitatively in their subunit composition, at least for the proteins that we have examined.
The expression of a-internexin in these cultured peripheral neurons is consistent with previous reports that a-internexin is widely expressed throughout the central and peripheral nervous systems during development, even though its expression is restricted to the central nervous system in adults (see Introduction), and also with a previous report that a-internexin is expressed in cultured embryonic neurons from dorsal root ganglia . Interestingly, even though both ainternexin and peripherin can self-assemble into homo-polymers in vivo [Ching and Liem, 1993; Cui et al., 1995] , we didn't observe any neurofilaments that contained only a-internexin or only peripherin in this study. Thus both peripherin and a-internexin prefer to form heteropolymeric interactions with each other and with the neurofilament triplet proteins when these proteins are co-expressed. This is consistent with previous studies using immunogold electron microscopy which have shown that peripherin co-localizes with NFM and/or NFH along neurofilaments in a subset of PC12 cells that co-express these proteins [Parysek et al., 1991] and that a-internexin co-localizes with NFM along neurofilaments in mouse optic nerve [Yuan et al., 2006] .
Neurofilaments are thought to move along microtubule tracks, powered by dynein and perhaps kinesin motor proteins [Shah et al., 2000; Xia et al., 2003; Wagner et al., 2004; He et al., 2005] . However, the complexity and interchangeability of the subunit proteins that can comprise neurofilaments raises an interesting question about how these motors interact with the neurofilament polymer. Studies on knockout mice suggest that heteroligomerization of the neurofilament triplet proteins is required for their transport [Yuan et al., 2003] and this is consistent with evidence from live cell imaging and correlative light and electron microscopy of captured neurofilaments, which indicate that neurofilament proteins are transported as assembled neurofilament polymers [Wang et al., 2000; Yan and Brown, 2005] . However, studies on knockout mice also indicate that no single neurofilament protein is required for neurofilament transport into axons. For example, targeted deletion of NFM, NFH or a-internexin does not impair neurofilament transport [Zhu et al., 1998; Jacomy et al., 1999; Rao et al., 2002; Yuan et al., 2003 Yuan et al., , 2006 . Targeted deletion of NFL results in very low expression levels of NFM and NFH, but nevertheless NFM transport has been detected in NFL/H double knockout mice, presumably because it can form heteropolymers with a-internexin, and this indicates that NFL is also not required for neurofilament transport [Yuan et al., 2003] . Neurofilament transport has not been examined in peripherin knockout mice but it seems clear that neurofilaments must be transported robustly in those mice because the number and caliber of myelinated axons is unchanged, even though there is selective loss of a subpopulation of unmyelinated sensory neurons [Lariviere et al., 2002] .
If no single neurofilament subunit protein is critical for neurofilament transport, how do motors interact with the neurofilament polymer? One possibility is that there is an additional neurofilament subunit, as yet unidentified, that interacts with the neurofilament motors and that this subunit is common to all neurofilaments. In fact, recent studies indicate that neurons may also express an alternately spliced isoform of the intermediate filament protein synemin, termed synemin L [Izmiryan et al., 2006 ], so it is quite possible that we do not yet know the full extent of the complexity of neurofilament composition. However, it seems more likely that the neurofilament motors are capable of interacting with multiple different neurofilament protein subunits. One possible explanation is that they bind directly or indirectly to some as yet unidentified conserved sequence or structural motif. Given that every neurofilament must contain NFL, peripherin or a-internexin, i.e. that at least one of these proteins must be present for neurofilaments to form, any putative motor binding site would have to be shared by at least these three proteins even if it were not shared by NFM and NFH. Since the amino and carboxy terminal domains of neurofilament proteins are so variable, it would seem likely that any such binding site would reside within the rod domain. Alternatively, there could be multiple specific adaptor proteins, enabling the motors to bind indirectly to a different site on each neurofilament polypeptide. To test these ideas, it will be necessary to learn much more about the specific identity of the neurofilament motors and the precise components of the neurofilament-motor interaction complex.
